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glucono-δ-lactone to achieve a final pH at ~ 4.5 in 6 h. Acid gelation was studied by 24 rheology, while the microstructure of the gels at pH 4.5 was studied by confocal scanning 25 laser microscopy and transmission electron microscopy (TEM). Using Shih et al.'s (1990) 26 model on the rheological data, it seemed that aggregation in the NMC and MIX mixtures was 27 driven by the casein micelles and therefore differed from that of the WPA suspension. The 28 different organizations were confirmed using image analysis of confocal or TEM images. The 29 differences in gel formation were discussed in terms of the different interactive properties of 30 the surface of these 2 colloids, together with their different internal structure. 31 M A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT gels with significantly higher storage modulus values (G') than those made of casein only. 57 Therefore, the interaction between these particles and the mechanism of their assembly is 58 likely to direct the structural and mechanical properties of the acid gel. However, the 59 mechanisms that drive this interaction need to be further investigated. 60
Acid milk gels are particulate gels that appear as a porous, homogeneous material at 61 length scales above tens of µm. Various models have been proposed to describe their 62 formation and structure; namely the adhesive sphere, the percolation and the fractal models 63 (Horne, 1999) . While the adhesive sphere theory tells whether particles are stable in certain 64 environmental conditions, the percolation theory informs on the dynamics of gel formation 65 from the point when diffusion in the bulk is restricted by the growth of flocs of aggregated 66 particles. In other words, the former rather focuses on the initial stages of aggregation at the 67 particle's length scale, while the latter rather applies from the gelation point on ward and at 68 length scales of tens of µm and beyond. At intermediate length scales, typically 0.1-5 µm, 69 Bremer et al. (1989) applied the self-similarity concept to describe the acid gelation of casein 70 particles. Therefore, it is proposed that the fractal model may describe particle aggregation in 71 a mixture of both particles, from the point when acidification render the particles reactive (de 72 Kruif, 1999) Shih, Shih, Kim, Liu, & Aksay, 1990; Sonntag & Russel, 1987) . In this approach, the fractal 83 dimension (D f ) is used to describe the occupancy of the structure in the volume of the gel, 84 while the scaling behavior can give insight on the mechanism of assembly of the particles. 85
The model developed by Shih et al. (1990) proposes an estimation of the fractal dimension 86 (D f ) based on the rheological properties of the gel system. This model calculates the D f values 87 using G' and the strain at limit of linearity (γ 0 ) of gels produced at different protein 88 concentrations (C). Furthermore, this concept gives insight to the building of the gel, since 89 aggregation can follow two distinct pathways indicated by the either positive or negative 90 slope of log(γ 0 ) as a function of log(C). 91
In this study, the gelation properties, aggregation behavior and the fractal dimension of the 92 flocs of casein micelles, of the WPA and of their mixture in acid gel were investigated, in 93 order to better understand the mechanisms of formation of dairy acid gels. Since milk is a 94 rather crowded system, diffusion is probably rapidly restricted upon cluster growth and fractal 95 structures may be searched only locally. For that reason, microscopies were also used to 96 support the rheological approach. 97
Materials and Methods 98

Materials 99
A commercial whey protein isolate (WP I) (Prolacta 95, Lactalis Ingredients, Bourgbarré, 100
France) was used as the source of protein in this study. The protein content of the WPI 101 powder is ∼939 gkg -1 dry matters. Protein content was determined by Kjeldahl method 102 (conversion factor 6.38). 103
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A C C E P T E D ACCEPTED MANUSCRIPT also yielded a whey protein permeate that was further ultra-filtered to produce milk 106 ultrafiltration permeate (MUF). The MUF was stored at 5°C after addition of 0.2 g L -1 sodium 107 azide (NaN 3 ). All other reagents were of analytical grade. 108
. Preparation of the model systems 109
WPA was produced by heating an aqueous WPI solution at total protein concentration of 110 90 g kg -1 and pH 7.5 at 68.5 °C for 2 h as described by Vasbinder, van de Velde and de Kruif 111 (2004) and as used in Andoyo et al. (2014) . The protein content of the resulting WPA 112 suspension was determined spectrophotometrically using absorbance at 280 nm and an 113 experimental extinction coefficient value of 1.2244 L g -1 cm -1 (Morand, Guyomarc'h, 114 Pezennec, & Famelart, 2011). WPA was then standardized at 70 g kg -1 total protein using 115 MUF, extensively dialyzed (6-8 molecular-weight cut-off Spectra Por membrane) against 116 commercial ultra-high temperature (UHT) skim milk to fully replace the solvent phase by 117 MUF, then diluted again with MUF to reach concentrations (C) ranging 14 g kg -1 to 62 g kg -1 . 118
Considering a voluminosity of 5.512 mL g -1 for the WPA particles as measured at 20°C and 119 pH 6.6 (Andoyo et al., 2014), the corresponding volume fractions ranged from 8 to 35% (v/v). 120
This value of the volume fraction is only a rough estimate as we have no idea of the changes 121 in voluminosity of WPA with temperature and pH. 122 A mother suspension of NMC at total protein concentration of 105 g kg -1 was produced by 123 gradually dispersing the required amount of NMC powder in MUF at 40°C with gentle 124 stirring for 4 hours. The suspension was stored overnight at 4°C for complete hydration 125 before further processing. NMC suspension at different total protein concentrations were 126 prepared by diluting mother suspension with MUF. Total protein concentration of NMC 127 ranged from 42g kg -1 to 98g kg -1 . Considering a voluminosity of 4.752 mL g -1 for the NMC 128 M A N U S C R I P T
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Hinrichs, 2012) and a 4%and 32% decrease in voluminosity with the decrease in pH from 6.6 131 to 5.6 or 6.6 to 4.8, respectively (van Hooydonk, Hagedoorn, & Boerrigter, 1986), the 132 corresponding volume fractions ranged approximately from 12 to 42% (v/v). The values of 133 pH 5.6 and 4.8 are the respective pH of gelation of the suspensions at high and low 134 concentration where the volume fraction has to be calculated. Using the same method, the 135 volume fractions for the MIX systems were 6 to 37%. 136
Mother mixtures of NMC and WPA at 90 g kg -1 and at the weight ratio of 80/20 were 137 prepared by mixing appropriate amounts of each mother suspension. The mother mixture 138 (MIX) suspension was then diluted with MUF to prepare mixtures ranging from 15 g kg -1 to 139 90 g kg -1 total protein concentration (Table 1) . 140
Systems will be called e.g. NMC45 or WPA15 or MIX60, the number representing their 141 approximate total protein concentration in g kg -1 (Table 1) . All dairy systems were replicated 142 at least two times and analyzed within one week. 143
Characterization of particles: Isoelectric pH 144
The apparent isoelectric pH (pI) of the WPA and NMC were determined using 145 interpolation to 0 of the experimental measurement of the electrophoretic mobility (in µm 146 cm V -1 s -1 ), while the pH of the MUF was varied from 2.5 to 6.5 using HCl. The 147 electrophoretic mobility was measured at 50 V and at 20°C on a Zetasizer nano ZS 148 equipment (λ = 633 nm, Malvern Instruments, Orsay, France). Colloidal suspensions were 149 diluted at least 1:10 v/v in the MUF (dielectric constant 80.4, viscosity 1.1454 mPas, 150 refractive index 1.337). This method yields lower apparent pI values (by ~0. 
Rheological measurements 155
The WPA, NMC and MIX suspensions at different concentrations were equilibrated at 156 35°C then acidified at this temperature using addition of glucono-δ-lactone (GDL) as to 157 achieve a final pH value of 4.5 within 6 h (See concentrations of GDL used in Table 1 ). 158
Formation of the gels was monitored through the measurement of the storage modulus, G' 159 (in Pa), upon acidification at 35° C using an AR2000 rheometer (TA Instruments, 160
Guyancourt, France) equipped with a cone-plane geometry (diameter 6 cm and cone angle 4°) 161 using the oscillatory mode at a frequency of 1 Hz and 0.1% strain. The GDL was added to the 162 sample, stirred for 1 min and the dairy system was then transferred to the rheometer. Low 163 density paraffin oil was added around the sample to prevent evaporation. The gelation pH was 164 defined as the moment when G' > 1 Pa, while the storage modulus at pH 4.5 was considered 165 to be the final G' at 35 °C (G' max ). 166
The gels at pH 4.5 were eventually subjected to a flow test. The strain, γ (dimensionless), 167 was progressively increased at a constant rate of 0.01s -1 until the gel broke. From this, the 168 strain at the limit of linearity (γ 0 ) or the end of the pure elastic behavior was obtained as the 169 strain above which the slope of the stress versus strain curve decreased of 5% from its 170 maximal value (insert Fig. 4 ). Each replicated system was measured twice. 171
Microstructure of acid gels 172
Confocal laser scanning microscopy (CLSM) 173
Samples for confocal image measurements were prepared as described by Andoyo et al. 174 (2014) . Briefly, the dairy system suspensions at 35°C were labeled using 0.06 µL of 175 rhodamine B isothiocyanate (RITC) per gram protein (from a 85 g L -1 RITC solution in 176 dimethylsulfoxyde, Sigma-Aldrich, St Quentin Fallavier, France) and stirred for 15 min prior 177 to the addition of GDL.
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Immediately after GDL dispersion, ∼60 µL of the labeled sample was deposited on a 179 conclave glass slide, covered with a cover slip, sealed with nail varnish and incubated at 35°C 180 until pH 4.5. The slides were then imaged at 543 nm using a TE2000-E Nikon C1i inverted 181 confocal laser scanning microscope (CLSM, Nikon, Champigny-sur-Marne, France). Each 182 image was digitized in grey levels as a 512 x 512 pixel matrix (127.3 x 127.3 µm 2 ). 183
Transmission electron microscopy (TEM) 184
The same procedure of microencapsulation as described in Andoyo et al. The microencapsulation technique used in the current study has been used mainly for 191 TEM of suspensions and emulsions (Kalab, 1981) , but more rarely for acid gels like yoghurts. 192
Most of the time, acid dairy gels are observed by scanning electron microscopy, with a 193 glutaraldehyde fixation or by using a cryo-step. This encapsulation technique avoids problems 194 for the sampling of soft gels and for the tendency of the gel to disperse into glutaraldehyde 195 during fixation, but there is still problems arising from the fixation with glutaraldehyde, 196 because of added intermolecular cross-links between proteins by the dialdehyde (Pawley, 197 2010 
Results and discussion 257
In the current study, it is postulated that varying the concentration of any of the 3 systems 258 only changed the number of particles, without affecting the properties of the colloids, such as 259 their size, charge and isoelectric pH. 260
Acid gelation of the model systems 261
Using the different amounts of GDL as determined in Table 1 , the kinetics of the pH 262 versus acidification time were identical for all tested systems regardless of their total protein 263 concentration or composition (results not shown). Noteworthy, what is important is the 264 difference between the rate of the pH decrease and the rate of aggregation, which may affect 265 gelation (Horne, 2001) . Only when the aggregation rate can be shown to be identical for all 266 systems or is much faster than the pH change, can the kinetics be fully ignored. 
pH of gelation of the model milk systems 299
Fig. 3A shows that the gels were formed at different pH values depending on the 300 compositions of the model milk systems. When increasing from 15 to 70 g kg -1 protein, the 301 pH of gelation of the WPA system increased from 5.47 to 5.82. When increasing from 45 to 302 105 g kg -1 protein, the pH of gelation of the MNC system increased from 4.97 to 5.53, while 303 when increasing from 15 to 90 g kg -1 protein, the pH of gelation of the MIX system increased 304 from 5.12 to 5.75. In all systems, the pH of gelation showed a linear correlation with the total 305 protein concentration. This result was probably due to the increase in the number of particles 306 and therefore, to the decrease of the inter-particle distance as the concentration increased. At 307 all concentrations, the WPA-containing systems WPA and MIX both exhibited a significantly 308 higher pH of gelation than the NMC system ( Fig. 3A ). In the current study, the apparent pI 309 values of the WPA and NMC were found to be ~4.7 and ~4.4, respectively, which could 310 partially explain the higher pH of gelation of WPA suspensions (Fig. 3B ). These pI values 311 were close to those found in other studies, namely 4.7 -4.9 for whey protein aggregates 312 
Rheological properties of the model milk systems at pH 4.5 331
The double-log plot of the G' max of the gel as a function of the total protein concentration 332 showed that increasing the protein concentration for the 3 systems led to higher G' max values 333 with a power law dependence (Fig. 3C ), probably as a result of the increasing number of 334 particles as discussed above. When increasing from 15 to 70 g kg -1 protein, the G' max value of 335 the WPA system increased from 1.06 x 10 2 to 1.09 x 10 5 Pa. When increasing from 45 to 105 336 g kg -1 protein, the G' max value of the MNC system increased from 2.5 x 10 1 to 8.45 x 10 3 Pa, 337 while when increasing from 15 to 90 g kg -1 protein, the G' max value of the MIX system 338 increased from 1.6 x 10 1 to 5.35 x 10 3 Pa. At 45 g kg -1 (log45=1.65), Fig. 3C also showed that 339 the MIX system exhibited more than 43 times higher G' max values than the NMC systems, in 340 agreement with previous results (Andoyo et al., 2014). These authors explained that 341 interaction of the WPA with the micelle surface led to the formation of earlier, more 342 connected and stronger acid gels. However, Fig. 3C shows that such a significant effect of the 343 presence of WPA in the MIX systems on the G' max was only observed at protein concentration 344 less than 90 g kg -1 (log 90=1.95). Indeed, the G' max of the NMC systems increased with 345 concentration at a higher rate than that of the MIX systems (Fig. 3C ). This could be due to higher pI as compared to casein micelles, hence a higher reactivity to acid gelation and longer 356 time allowed for particle rearrangements until it reached pH 4.5 (Famelart et al., 2004) . 357
However, the theoretical G' max values, as calculated by combining 80% G' max of NMC + 20% 358 G' max of WPA, showed a lower values than the experimental G' max (Fig. 3C) . Therefore, the 359 interaction between WPA and the casein micelles in MIX systems synergistically increased 360 the final G' max , as it increased the pH of gelation (Fig.3) . 361 to compact flocs (Vetier et al., 1997) . The present results show that for the WPA systems, 373 decreased with increasing particle concentration C. Meanwhile, increased with C for both 374 the NMC and MIX systems ( Fig. 4B and 4C) . For a negative slope, i.e. the WPA system, the 375 value of the backbone fractal dimension of the flocs (x) has to be introduced. The range of the 376
Arrangement of the particles, as interpreted using rheological measurements 362
x value is 1 -1.3 (Shih et al., 1990) and therefore, in this study a maximum and a minimum 377 value of the apparent D f were estimated using Eq. 1, respectively. Calculated D f values for 378 WPA model milk gel were 1.6 -1.7 (Fig.3C) . By using eqn.3 for a positive slope of log G' 379 versus log C, the apparent D f values of NMC and MIX systems were found to be 2.8 and 2.6, 380 respectively (Fig. 3C) . The values found for the casein gels (MNC and MIX) were higher than 381 those found in previous studies on acid gels. Using light scattering measurement in diluted concentration. In the WPA systems, the gels were fully connected through the heat-induced 434 whey protein aggregate network. Increasing total protein concentrations in the WPA systems 435 yielded connected network, thus leading to smaller pores (Fig. 5A, B) . The formation of 436 smaller pores in the WPA gel as compared to NMC and mixture systems may indicate more 437 numerous connections that led to a more homogeneous gel. Confocal images of the WPA gel, 438 made from the 5 different protein concentrations, show that the structure of gels appeared 439 finer and with smaller pores at higher protein concentration (inserts in Fig. 5AB ). As we 440 maintained the imaging parameters constant, we point out that images at higher protein 441 concentrations had less contrast, probably due to the fact that the fluorescent probe is more 442 homogeneously distributed in the matrix at a higher protein concentration, and because the 443 pore size was more or less equal to the resolution of the microscope. 444
In the NMC systems, thick strands of gel can be seen on the images. TEM images in Fig.  445 5C showed that at low NMC concentration, the individual casein micelles particles still can be M A N U S C R I P T
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seen. However, at a higher total protein concentration, the flocs of casein particles seemed to 447 enlarge (TEM Fig. 5D ). The gels of NMC system at increased NMC concentrations show 448 smaller pore sizes, and denser, more clustered and less branched networks (insert Fig. 5C, D) . 449
In the mixture systems, branched whey protein aggregates were slightly visible (TEM insert 450 Fig. 5A ) and the casein micelles seemed intimately connected by whey protein aggregates 451 (TEM Fig. 5EF and insert Fig. 5F ). When compared with the NMC system alone, the 452 association of heat-induced whey protein aggregates with casein micelles in the MIX system 453 largely changed the microstructure of the gels at pH ∼4.5and at any concentration. First and 454 very significant, the size of the casein particles seemed to be much smaller as compared to the 455 size of the casein in the NMC systems as shown in the TEM micrograph ( Fig. 5C, D, E, F) . 456
Then the structure in the MIX gel appeared more branched and flocs were less dense and 457 more open than in the NMC gel. However, the changes of the gel microstructure at pH ∼4.5 of 458 the MIX gel were not always correlated with changes in G' values, as the 2 gels 90 g kg -1 459 protein did show differences in their microstructures but not on their G' values ( Fig. 3B) . 460
Apparent D f values of each system were also calculated from confocal and TEM images 461 after binarization of the images. Average apparent D f value for the 3 systems calculated with 462 the 2 image analysis methods and with the rheological measurements method are shown in 463 Fig. 6 . The results showed a high standard deviation of the apparent D f, measured from 464 confocal images, which can be due to the fact that slightly different threshold values were 465 applied on each concentration tested. Also, apparent D f values of the WPA system could not 466 be determined from the TEM images, probably because the WPA flocs were smaller and less 467 contrasted than micelles one, so that no adequate thresholding could be operated. 468
Exclusive of the missing WPA value by TEM, apparent D f values of 2.15, 2.76 and 2.74, 469 and 2.69 and 2.64 were found for the WPA, NMC and MIX systems, respectively, using the 470 TEM or the CLSM technique, respectively (Fig. 6) . The apparent D f values of the NMC and M A N U S C R I P T
MIX systems measured by image analysis agreed well with those obtained by the rheological 472 method, the differences being lower than 5%. This indicates that image analysis is a good 473 alternative method for the investigation of self-similarity within gels, providing that 474 thresholding of the images is optimized using automated methods. Indeed, previous reports 475 have shown that decreasing the grey scale thresholding parameter (i.e. increasing the number 476 of pixels) can significantly increase the resulting D f value (Ako, Durand, Nicolai, & Becu, 477 2009; Mellema et al., 2000) . 478
Limits of the self-similarity approach for dairy gels 479
The concept of self-similarity has aroused a great interest in dairy science from the 80s cluster aggregations. Considering their mechanism, reaction-limited assemblies are 506 susceptible to tolerate even higher maximum volume fraction. According to Chaplain et al. 507 (1994) , as micrographs of acid-or rennet-induced dairy gels show a typical persistent size in 508 chains of 10 particles, a limit close to 10% could be predicted for the maximal volume 509 fraction. By analogy with the polymers gels, these authors describe the gel structure at volume 510 fractions higher than the percolation threshold as a homogeneous packing of fractal flocs, 511 while a scaling behavior is only observed at short range. They developed a model adapted 512 from Bremer's, that leads to log (G') ~ log(C) 3 at high volume fraction, that leads to a Df of 3 513 i.e. a homogeneous gels made of fractal clusters. Our exponents of log (G') versus log (C) 514
were lower for gels studied in the current study (1.6-2.8). However, doubts exist on the 515 applicability of the fractal model to as high volume fractions as those used herein. Previous 516 groups also applied this theory to dairy systems with volume fractions in the range of those 517 used in the present study, using either rheometry or image analysis (Bremer et al., 1989;  They found that the normalized pair correlation function g(r) did not show a power law 527 dependence on r that would be expected for a fractal structure. Instead, g(r) could be 528 described by a stretched exponential decay. Nevertheless, an apparent fractal dimension could 529 be derived using the box counting method. This finding raises the question of the validity of 530 the large number of studies that aimed at estimating fractal dimension in acid dairy gels at 531 concentrations > 15 g L -1 . Another interesting issue in this debate would be to agree on the 532 calculation of volume fraction of hydrated and porous particles like the casein micelles or the 533 WPA, which are not exactly hard spheres. 534
Another limitation of the self-similarity concept is that one should find a compromise 535 between extending the range of explored length scales through decreasing the protein 536 concentration (and hence, through postponing percolation) and having samples that can stand 537 rheological measurements or preparation for electron microscopy without breakage or phase Finally, a third limitation to the fractal theory is that one should assume that the particle 543 do not experience larger rearrangement than shifts in relative positions and may be slight 544 change in volume. Structural rearrangement occurred when casein micelles was present in the 545 systems, as evidenced by the local maximum of tan δ at pH ∼5.0 ( Fig.1D and 1F) , which may M A N U S C R I P T
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affect rheological measurements parameters such as G' max and , therefore could implies to 547 the applicability of the fractal models. 548
In conclusion, the rheological properties and microstructure of 3 model systems, namely 549 NMC, WPA and MIX system, were investigated for a certain range of concentrations. Results 550
show that increasing the protein concentration for the 3 systems promoted a faster gelation, 551 led to higher moduli and to gels with smaller pore sizes, which is due to the increase in the 552 number of particles and consequently probably in the number of potential bonds between 553 them and to the reduction in the distances between colloids. Replacing 20 % of NMC by 554 WPA, as in MIX systems, increased the moduli of the acid gels as long as the protein 555 concentrations was < 90 g kg -1 and increased their pH of gelation as compared to pure NMC 556 gels. Although limitations existed, the model of Shih et al. (1990) indicated that the 557 aggregation behavior of the MIX system was similar to that of the NMC, and not of the WPA. 558
This result showed that the casein micelles directed the aggregation pathway wherever they 559 were present in the samples. On the other hand, WPA only seemed to impact on the amplitude 560 of the elastic modulus of the resulting gel, probably through affecting the strength of the 561 involved bonds. Further research is needed to be able to confirm these findings in conditions 562 where the scaling theory would fully apply. 563
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We wish to thank MT LAVAULT from the Microscopy Rennes Imaging Center of SFR 565 systems (E and F) at different protein concentrations. In A-B, black is 13.42 g kg -1 , blue is 26.85 g kg -1 , purple is 40.27 g kg -1 , red is 53.69 g kg -1 , and green is 62.64 g kg -1 protein. In C-D, black is 42.16 g kg -1 , blue is 56.22 g kg -1 , purple 70.27 g kg -1 , red is 84.33 g kg -1 and green is 98.38 g kg -1 protein. in E-F, black is 13.92 g kg -1 , blue is 27.86 g kg -1 , purple is 41.78 g kg -1 , red is 55.71 g kg -1 , brown is 69.64 g kg -1 and green is 83. The linear regression is drawn to show γ 0 value as the strain above which the slope of the stress versus strain curve decreased of 5% from its maximal value. Composition of the model milk protein systems and GDL concentrations used to reach pH 4.5 3 in 6 h at 35°C. The 3 systems are the native micellar casein system (NMC), the whey protein 4 aggregate system (WPA) and the mixture system (MIX) of 80% NMC and 20% of WPA. 5
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